Objectives: To examine variations across general practices and factors associated with antibiotic prescribing for common infections in UK primary care to identify potential targets for improvement and optimization of prescribing.
Introduction
Antibiotics are vital in medicine, not just for the treatment of infections, but for the prevention of infection-related complications, for example following surgery, Caesarean sections or chemotherapy. 1 Antimicrobial resistance is of global concern as no new class of antibiotics has been discovered in the last 30 years. Prescribing of antibiotics is at an all-time global high. In the UK health system, .81% of antibiotics are prescribed in primary care. 2 One recent study, based on The Health Improvement Network (THIN) database, observed variability in practice-level prescribing of antibiotics and that the most common indications for antibiotics were respiratory and urinary tract infections (RTIs and UTIs, respectively), 3 whilst others have observed additional variability in high-risk prescribing and prescribing safety between practices 4, 5 and countries. 6 Children, the elderly, women, smokers, more deprived populations and those with multiple comorbidities have a greater risk of infection-related complications and are prescribed antibiotics more often. [7] [8] [9] [10] However, these patient-related factors were generally identified in research on just one infectious condition (such as RTIs), whilst few studies have investigated whether these additional patient-level drivers have the same influence across all common infections.
To better understand antibiotic utilization in the UK and inform prescribing policies and future stewardship programmes, this study analysed electronic health records (EHRs) from the Clinical Practice Research Datalink (CPRD), including data from 587 practices over 15 years. The objectives of this study were to determine which factors are associated with the decision to prescribe antibiotics across a wide range of common infections and to evaluate the variability in antibiotic prescribing between general practices and whether this variability changed with updates to national prescribing guidelines.
Materials and methods

Data source
A retrospective observational study was conducted using CPRD. This data research service holds longitudinal, anonymized, patient-level EHRs from .500 general practices with .5 million active patient records in the UK, representing 8% of the UK population. [11] [12] [13] The EHR includes the clinical diagnosis, medication prescribed, vaccination history, diagnostic testing, lifestyle information and clinical referrals, as well as the patient's age, sex, ethnicity and BMI. 13 On the basis of patients' residential postcodes, we extracted Index of Multiple Deprivation (IMD) quintiles from the CPRD. The IMD measures area-level deprivation on the basis of several domains, including income, employment, health, education, barriers to services (including housing), crime and general living environment. It is derived for Lower-layer Super Output Areas (LSOAs), which contain 1000-3000 people, and are census derived. 14 Prescriptions were classified using the BNF sections.
Study population
EHRs were obtained for patients who visited their general practice between January 2000 and June 2015 with a clinical Read code relating to a common infection. The selected Read codes were reviewed by two independent clinical epidemiologists and the most common infection-related conditions recorded were selected for investigation. These included upper and lower respiratory tract infections (URTIs and LRTIs, respectively), sinusitis, otitis externa, otitis media and UTIs. URTIs comprised unspecified URTIs, tracheitis, laryngitis, common cold, cough, sore throat and tonsillitis. LRTIs comprised unspecified LRTIs, unspecified chest infections and bronchitis, excluding COPD and pneumonia. The full code lists are available at clinicalcodes.org.
The study population consisted of patients who consulted their general practice for a common infection that did not have an infection-related Read code and/or an antibiotic prescription in their EHR in the 6 months before the consultation (to identify patients with an incidental case of infection). The index date was the date that the infection-related Read code was recorded in the EHR. Common infections that occurred within 12 months of registering with their practice were excluded (with the exception of those for newly born babies). If a patient had multiple consultations for each infectious condition over the study period, one single observation was randomly selected. This generated six unmatched study populations, one for each infectious condition. Matched study populations were derived from the unmatched populations. Cases were those patients who had received an antibiotic prescription. They were matched at random on a one-to-one basis by age, sex and calendar month and year of the consultation to a control patient who did not receive an antibiotic prescription for the same infectious condition. Matching by age was done stepwise by year up to a maximum difference of 5 years. Matching by time accounted for any change in national guidelines and seasonal changes in prescribing behaviours.
Statistical analysis
Descriptive statistics were used to investigate the rate of antibiotics being prescribed for each infection in the study population over the relevant period. The unmatched study population was used to determine the rate of antibiotic prescribing for each common infection by practice. This was followed by a change point analysis (CPA) 15 of the mean annual antibiotic prescribing rates (for all practices) over time to evaluate changes in prescribing rates compared with the introduction of national guidelines, using the changepoint package in RStudio (R; version 3.3.3). To determine whether a practice's prescribing rate was similar for each infectious condition, a correlation coefficient matrix was applied to practice-level antibiotic prescribing rates (a score of 1 indicated a perfect positive correlation and 0 indicated no correlation within a practice). Finally the unmatched population was used to estimate the effects of age and sex on the likelihood of receiving an antibiotic prescription. To account for non-linear associations, age was transformed using the multiple fractional polynomials (mfp) package in RStudio (R; version 3.3.3). Fractional polynomials are used to model the influence of non-linear continuous covariates on the outcome in regression models. 16 The most appropriate transformation (selected using the mfp package) was then used in a crude logistic regression to estimate the risk of receiving an antibiotic for males and females by age for each indication. For this analysis, a cut-off was applied to patient age at the 1st and 99th centiles (Table 1) , ensuring there were enough observations included in the analysis; this cut-off varied for each infectious condition.
The matched study population was generated to control for the difference in risk of receiving an antibiotic for age and sex, as well as matching by calendar time to adjust for any seasonal effect or changes to guidelines on prescribing during the study period. A standard data-cleaning approach was applied; specifically, for any patient with a BMI ,8, the BMI was amended to 'missing'. 17 Multiple imputation methods were implemented to impute missing BMIs, smoking information and IMDs, generating 15 datasets. Imputations were checked using density plots against the original data and subsequent models for predictors of antibiotic prescribing were adjusted using a missing indicator to account for the proportion of missing data in the original study population.
To identify patient predictors for antibiotic prescribing, conditional logistic regression was used to estimate ORs and 95% CIs for the outcome of receiving an antibiotic prescription, running the model on each imputed dataset and averaging the results from these runs. The variables included in the model were identified through a literature review and selected a priori. These variables included the patient's BMI, smoking history, ethnicity, IMD quintile and health status using the Charlson comorbidity index. 7, 8, 18, 19 Other variables included the total number of all consultations, nonantibiotic prescriptions and antibiotic prescriptions received by the patient in the previous 12 months, the patient's influenza vaccination history, whether a patient had presented with the same condition in the previous 12 months, the duration of the consultation and the practice region. 
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Results
In total, 587 general practices were included in the analysis. The unmatched population generated .8 million patient records, with almost 4.9 million patient record observations in the age-, sexand calendar time-matched study population. The demographics of the study populations are summarized in Table 1 Figure 1 ). The propensity to prescribe antibiotics varied between practices considerably; for example, some practices prescribed just 10% of the time whilst other practice prescribed 70% of the time for cases of URTIs. This variability remained in 2015, but the number of lower-prescribing practices fell.
CPA of antibiotic prescribing rate identified between two and five change points for each infectious condition over the 15 years. These prescribing change points were not always consistent with regular NICE guideline updates or the launch of 'Managing common infections: a guidance for primary care', suggesting that changes in guidelines did not have a consistent positive influence on antibiotic prescribing rates (Figure 2) .
Additionally, practices that were high prescribers for some conditions were not necessarily high prescribers for other conditions, shown by little correlation for prescribing rates by infection within a practice (Figure 3) .
Differences are known to exist for prescribing rates by age and gender. In the current cohort, the probability of receiving an antibiotic for each indication varied considerably by age (Figure 4) . Elderly patients were more likely to receive an antibiotic for URTI compared with children while the reverse was found for otitis externa and otitis media. Males and females had comparable probabilities of getting an antibiotic for most indications, except sinusitis and UTI, where females were more likely to receive an antibiotic across all ages.
As differences in age and sex were observed, a matched cohort was used to identify predictors of antibiotic prescribing. Consistencies and inconsistencies were observed for each infectious condition when examining the predictors of antibiotic prescribing ( Figure 5 ). The greatest increase in odds of receiving an antibiotic prescription was associated with patients that had received one or more antibiotic prescriptions in the previous 12 months. Patients that had one or two antibiotic prescriptions were 9%-23% more likely to be prescribed an antibiotic compared with patients that received no antibiotic prescriptions during the previous year. These odds increased with the number of antibiotics a patient received. Patients with three or more antibiotic prescriptions had 22%-48% increased odds of receiving an antibiotic for all infectious conditions examined.
The odds of receiving an antibiotic also increased across all infections (except for UTI) for patients with an overweight or obese BMI (by 1%-13%) and past smokers (by 1%-21%). Influenza vaccines in the previous 12 months increased the likelihood of receiving an antibiotic prescription by 3% (sinusitis) to 17% (LRTIs), but had no effect for ear-related infections.
Other predictors of receiving an antibiotic varied considerably for each infection ( Figure 5 ). Higher comorbidity score increased the odds of receiving an antibiotic for URTIs (11%-22%), but the opposite was observed for LRTIs and UTIs, with lower odds of receiving an antibiotic with greater comorbidity score (10%-33% and 9%-29% less likely, respectively). Similarly, a previous history of the same infection in the year before increased patient odds of receiving an antibiotic for both RTIs and UTIs (9% and 20%, respectively), but reduced the odds for antibiotic prescribing for sinusitis and ear-related infections up to 10%. Other predictors of prescribing that demonstrated variability across all infectious conditions included ethnicity, socioeconomic status, practice location, the duration of the consultation, the number of non-antibiotic prescriptions and the number of consultations in the previous 12 months.
Discussion
This is the first study to simultaneously investigate multiple common infectious conditions to determine which factors drive the decision to prescribe an antibiotic. Antibiotic prescribing rates were not influenced by updates to prescribing guidelines. A lack of association was observed in prescribing rates for each infectious condition at the practice level. Considerable variability was observed with respect to which patient characteristics influence antibiotic prescribing. Particularly high prescribing was observed for cases of RTIs, UTIs and ear-related infections, which included a large proportion of middle-aged, otherwise healthy patients that would probably recover if left untreated. This is consistent with previous studies, where there were significant levels of antibiotic prescribing for likely viral infections. 3, 10, 20, 21 The number of antibiotics a patient received in the previous year significantly increased the odds of receiving subsequent antibiotic treatment, similar to findings by Shallcross et al. (2017), 22 where heavy users of antibiotics also received at least five antibiotic prescriptions in the previous 3 years. Part of this may be appropriate and risk/need-based due to underlying medical conditions. However, a patient who received an antibiotic in a previous consultation may have an increased expectation of receiving an antibiotic in subsequent similar consultations. 23 This may be an important target for antimicrobial stewardship programmes.
Antibiotic prescribing has been reported to be higher in socioeconomically deprived populations 8, 18, 24, 25 because GPs perceive these patients to have an increased risk of complications. 26 A Scottish study observed increased antibiotic prescribing for lessaffluent patients across all age categories in 2010-12. 8 However, in our study, in a longer but contiguous timeframe, the association between a patient's deprivation status and the probability of getting an antibiotic was inconsistent. Patients with a lower socioeconomic status had greater odds of receiving an antibiotic for outer ear infections, but lower odds for URTIs, LRTIs, UTIs, inner ear Antibiotic prescribing by infection: variation and drivers JAC infections and sinusitis. There may be several reasons for these inconsistent findings. We evaluated the effects of socioeconomic status by each infectious condition in patients who had no other recent prescription for antibiotics (incidental users), while published studies evaluated the effect of patient deprivation on overall rates of prescribing irrespective of indication and do not stratify the population with respect to incidental use. Also, studies often investigated the effect of patient deprivation on prescribing in selected populations, such as children 27 or the elderly, 24 but generalize their findings to all patients with a lower socioeconomic status.
A higher incidence of deprivation and health inequality across regions in the north of England exists, 18, 28, 29 indicating practices with more deprived communities and particularly practices located in the north of England prescribe antibiotics 2-fold more than practices in the south. 18, 25 This study found large variability in antibiotic prescribing by region for each infectious condition, supporting the findings of Dolk et al. 3 However, in our study matching patients by age, sex and calendar time, the north-south divide was reversed for some conditions and completely removed for others. The underlying reasons for this variation between prescribing are only partly understood.
A study of paediatric centres found that prescribing variability could not be explained by patient-specific factors alone. 30 Prescriber behaviour also varies significantly. 31 Older GPs may prescribe antibiotics more often than newly qualified GPs with UK training 18 and increased prescribing is associated with higher GP workload. 9 Prescriber gender may influence prescribing 32, 33 and prescribers are influenced by peer social norms. 34 National guidelines for the treatment of common infections alone are important but not sufficient to optimize the prescribing of antibiotics, 35 but Palin et al.
more research is needed to understand inter-practice dynamics and how these influence prescribing. The focus of current guidelines is largely symptom-based, for example FeverPAIN for acute sore throat. 36 Patient factors (including age and comorbidity) are also important influences on the decision to prescribe antibiotics. 22, 37 However, this study found high prescribing rates for young and middle-aged adults with no pre-existing health issues, suggesting prescribing may be more Figure 2 . CPA for prescribing of antibiotics in the UK over time. To identify any change in the mean prescribing rate for each general practice over time, the optimal number of change points was estimated (red line) for each infectious condition. The optimal change point by year is highlighted with a vertical black dotted line. These optimal changes in mean prescribing were compared with updates to national guidelines published by NICE (green lines). The results were also compared with the PHE launch of 'Managing common infections: a guidance for primary care' in 2010. See Table  S1 (available as Supplementary data at JAC online) for the guideline-related resources. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
Antibiotic prescribing by infection: variation and drivers JAC symptom-based or patient demand-based, 38 which is associated with poorer prescribing quality 39 than risk-related prescribing. This is supported by a study looking at drivers for the variability in the rate of antibiotic prescribing in UK general practices, which suggests that the influence of overall patient health in the decision to prescribe is limited, 20 and in the current study, where patients with similar risk profiles (such as Charlson scores) were also treated differently between different common infections. This variability in antibiotic prescribing after adjustment for age, gender and calendar time confirms that more consistent prescribing and optimization in decision making, such as shared decision making, could impact prescribing 40 and are essential if we are to reduce inappropriate overuse and thus avoidable resistance.
Antimicrobial stewardship programmes can reduce prescribing. 41 However, the lack of association between prescribing rates for each condition within a practice, a novel finding, emphasizes the need for future stewardship interventions and guideline development to focus at practice and patient level to be effective. These interventions should also consider that a practice may perform well for one indicator but poorly for others. 42 In non-infectious conditions, risk models are available to support prescribing decisions. As an example, statin prescribing is now mostly based on a patient's overall risk of developing cardiovascular disease. To optimize antibiotic prescribing and reduce the variability, developing and implementing systematic approaches based on a patient's risk of poor outcomes or infection-related complications (such as hospital admission for pneumonia) could be of value. These risks could be calculated based not only on the patient's symptom score but also on their age, any underlying diseases and other risk factors, such as IMD.
The strengths of this study included the study size: .5 million patient-level health records for up to 15 years, larger than previous studies. 3, 20, 22 The analysis was matched and was able to look at the effect of multiple drivers across many common infectious conditions. Unlike most studies that observe antibiotic prescribing, this study selected a population of incident antibiotic users to determine the association of drivers of antibiotic prescribing for new incidences of infection, removing bias from repeat prescription and heavy users in the general population.
The main limitation was that we did not have data on the severity and type of symptoms as these are not well recorded in EHRs. However, it is unlikely that our finding of large variability in antibiotic prescribing can be explained by different types and severities of symptoms. It may be very useful if symptom scores of common infections could be captured more systematically and analysed for use in systematic decision support. 43 We evaluated prescribed antibiotics rather than antibiotics dispensed or taken by patients. An estimated 13.3% of antibiotic prescriptions are for delayed antibiotics. 44 This information was unavailable in the current study but future analysis could be stratified by prescribing strategy. Similarly, future investigation of prescribing variability over time should take into consideration the uptake of delayed prescribing, adjusting for Palin et al.
the rate of change. Medication compliance has been reported to be 70%-80% for short-term therapy, 45 so the majority of patients who collected their prescription are likely to have taken the full prescribed course of antibiotics. Read codes were grouped by infectious condition and used to select cases and controls with an overall infectious term. Some GPs code diagnoses differently according to whether or not they prescribe an antibiotic, which may have created some bias in the analysis; however, an additional matching by specific Read codes would dramatically reduce the sample size and therefore statistical power. Random sampling was conducted when patients had multiple consultations for the same infection, which may have introduced bias as the more consultations the patient had the greater the odds of receiving an antibiotic prescription. Sensitivity analysis (including interaction terms Palin et al.
in a model between all the key predictors and the variable 'same infection 12 months before') did not show a consistent pattern for the interaction terms and lacked significance, suggesting that bias was not introduced by selecting one event at random. There was a large proportion of missing data for BMI, smoking history and patient IMD score. This was accounted for by applying a robust, well-established method to impute missing values, 46 as well as adjusting the models with a missing indicator.
Important drivers for antibiotic prescribing were age, sex, region, level of comorbidities and prior antibiotic prescribing and deprivation. A change to antibiotic prescribing at practice level over time was not associated with updates to national prescribing guidelines. Antimicrobial stewardship programmes need to be tailored to the specific challenges in a general practice and interventions may be more effective at the practice level. Interventions are needed to support practitioners during a consultation, such as risk models and decision support tools with up-to-date information on local guidelines.
